Neutrino Masses

Carlo Giunti

INFN, Sezione di Torino, and Dipartimento di Fisica Teorica, Universita di Torino
mailto://giunti@to.infn.it
Neutrino Unbound: http://www.nu.to.infn.it

47th Rencontres de Moriond - Cosmology
10 - 17 March 2012, La Thuile (Val d'Aosta, Italy)

C. Giunti — Neutrino Masses — 14 March 2011 — 1/28


mailto://giunti@to.infn.it
http://www.nu.to.infn.it

1012
10t

1010

Fermion Mass Spectrum

t
b
c
T
s
H Vi
d
u
e Vu
Ve V1, V2, V3

C. Giunti — Neutrino Masses — 14 March 2011 — 2/28



Standard Model: Massless Neutrinos

@ —
boost

left-handed neutrino V>w right-handed neutrino

Standard Model: v, = no Dirac mass term

LP = —mP (VrvL + VLVR) (no vR)

Majorana Neutrino: v = v° = vg = v = Majorana mass term

1 —
M M —
Standard Model: Majorana mass term not allowed by SU(2); x U(1)y

(no Higgs triplet)
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Extension of the SM: Massive Neutrinos

Standard Model can be extended with vg
Dirac neutrino mass term £P = —mP (VrvL + 7rvR) = mP <100 GeV

surprise: Majorana neutrino mass for vg is allowed!

1 _
LY = —Em%' (vivr + TrRVR)

1 — 0 mP v
: D+M _ — L
total neutrino mass term L =-3 (vi 7gr) (mD m%’) (VE,) +H.c.
mM can be arbitrarily large (not protected by SM symmetries)

mM ~ scale of new physics beyond Standard Model = m}) > mP

. L 0 mP (mP)? M
diagonalization of | p M = mp . mp >~ mp
m° m M
R mg
natural explanation of smallness
@ of light neutrino masses
@ A massive neutrinos are Majorana!

. 3-GEN = effective low-energy 3-v mixing
see-saw_mechanism

[Minkowski, PLB 67 (1977) 42]
[Yanagida (1979); Gell-Mann, Ramond, Slansky (1979); Mohapatra, Senjanovic, PRL 44 (1980) 912]
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Three-Neutrino Mixing

mee me;L meT Ve
Emassw(v_e v V_T) Mye Muy Mur | | vy
Mre  Mry  Mrr Vr

diagonalization of mass matrix

Ve Uel Ue2 Ue3 14!

Vu | = U,ul Uﬂz U,u3 Vo

Vr UT]. U‘T2 UT3 V3

3
Vo = Z Uk Vi (a = euu’)T)
k=1
mp 0 0 V1 3
Loass~ (71 7 %) | 0 my 0| |wa| =3 mu

0 0 m3 V3 k=1
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Neutrino Oscillations

1957: B_runo Pontecorvo proposed Neutrino Oscillations in analogy with
K% = KO oscillations (Gell-Mann and Pais, 1955)

Flavor Neutrinos: v, vy, v produced in Weak Interactions
Massive Neutrinos:  v1, v», 3 propagate from Source to Detector

A Flavor Neutrino is a superposition of Massive Neutrinos

|Ve) = Uer V1) + Uea |12) + Ues |13)
[Vu) = Una [v1) + Upz [v2) + Uys |v3)
|vr) = Ur1 |v1) + Uro [12) + Urz |v3)

U is the 3 x 3 Neutrino Mixing Matrix
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[v(t = 0))=|ve) = Ue1 V1) + Uea |v2) + Uez |v3)

NN\
ve NN\
AVAVAAVAVA

source propagation detector

[v(t > 0)) = Uer e Ert |u1) + Uep e B2t |15) + Uesz e B3t |13) #|ve)
at the detector there is a probability > 0 to see the neutrino as a v,

Neutrino Oscillations are Flavor Transitions
Ve = Uy Ve — Uy Vy — Ve v, — Vs
Ve > Uy Ve — Us Vy — Ve Uy — Vs

Ale, AL, AL, = £1 AL=0
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Two-Neutrino Mixing and Oscillations

10)
vy,
2
|Va> - Z Uak |Vk> (a = e,,u,) Ve
k=1
J
U
U— cos?  sindd |Ve) = cos® |v1) + sin® |v2)
~ \—sin? cos? |Vu) = —sin® [v1) + cost? |v)
Am? = Am3 = m3 — m?
.. . .2 . 2 AmzL
Transition Probability: Pye—sv, = Py, v, = sin® 29 sin
Survival Probabilities: P, = P,,#_W# =1- P,,e_,,,#
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Experimental Evidences of Neutrino Oscillations

Homestake
Kamiokande
Solar GALLEX/GNO & SAGE A2 76 40.2) x 10-5 o\V2
~ . . X
Ve — Vy, Vr Super-Kamiokande N MsoL ( ) e
SNO
tan® 9soL ~ 0.47 £ 0.06
BOREXino
Reactor
- . (KamLAND)
Ve disappearance

Kamiokande

Atmospheric MB
P Super-Kamiokande Amiry ~ (2.4 £0.1) x 1073 eV?
Vy — Vr
MACRO —
Soudan-2 Sin2 'l9ATM ~ 0.50 +£0.07

Accelerator

. (K2K & MINOS)
v, disappearance

Two scales of Am?: Amiry =~ 30 Améo,

Large mixings: 9atm ~ 45°, OsoL ~ 34°

C. Giunti — Neutrino Masses — 14 March 2011 — 9/28



Three-Neutrino Mixing Paradigm

3
Var = »_ Uakvie (a2 =e,p,7)
k=1

three flavor fields: ve, vy, v,
three massive fields: vy, 15, v3
2 2 2 2 2 2 2 2 2

Amdo = Amd; ~ (7.6 £0.2) x 107° eV?

Amioy ~ |Am2y| ~ [Am3,| ~ (2.4 +0.1) x 1073 V2
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Allowed Three-Neutrino Schemes

2
| —
141

|

2
> Amguy

" ”
normal

) —
Amgyy <

[ Is

Ao 2
Amiry

"inverted”

different signs of Am%; ~ Am3,

absolute scale is not determined by neutrino oscillation data
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Mixing Matrix

P AnalysisA

)

3
SOL | Us Usr |Uss s b
i 90% CL Kamiokande (multi-GeV)
Uul Uuz Uua T B8 90% CL Kamiokande (sub+multi-GeV)
Am? 2
‘ 51 K |[Amg| L
Ui Ury |Ups

ATM & LBL

Am%hooz = Am%l = Am%TM

sin? 20choor = 4|Ue3|?(1 — |Ues|?)
U ;

| U S5x10°2 |

Chooz: {

[Bilenky, Giunti, PLB 444 (1998) 379]

TR OUIE TR TR RO R T TT
01702 03 04 05 06 07 08 03, 1
Sini(26)

SOLAR AND ATMOSPHERIC v OSCILLATIONS
ARE PRACTICALLY DECOUPLED!

[Chooz, PLB 466 (1999) 415]
[Palo Verde, PRD 64 (2001) 112001]

|U.91|2 ~ cos? ¥soL |U‘92|2 ~ sin’ ¥soL
|U,L3|2 ~ sin® 9aTm |UT3|2 ~ cos® IaTm
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1 0 0 C13
UD =10 23 523 0 )
0 —s3 o3/ \—si3e™®s
¥23 > FaTMm

Am3, = (7.65%

sin®

8:38) x 10 % eV?

B1p = 0.30413:922

0 spze”/o1 c2 si2 0
1 0 —S12 C12 0
0 C13 0 0 1

Y12 ~ FdsoL
Am3| = (2.405377) x 103 V2

sin® 93 = 0.507 3%

[Schwetz, Tortola, Valle, arXiv:1108.1376]

6 days ago:

sin®¥13 = 0.023 + 0.004

[Daya Bay, arXiv:1203.1669]

Previous indications of sin® ¥3 > 0: [T2K, arXiv:1106.2822],
[MINOS, arXiv:1108.0015], [Double Chooz, arXiv:1112.6353]

%13 # 0 = CP violation, matter effects, mass hierarchy
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Absolute Scale of Neutrino Masses

normal scheme inverted scheme
10° T T T 10° T T T
QUASI QUASI
DEGENERATE DEGENERATE
07 E oy ) E 07 E ms E
B my
= 1072 e 4 ) 102k ]
00 E e
NORMAL INVERTED
HIERARCHY HIERARCHY
107110*4 w‘*ff 10‘*2 10‘4 10° 10*11074 w"3 10"2 164 10°
Lightest Mass:  my  [eV] Lightest Mass:  my  [eV]

2 2 2 _ .2 2 2_ .2 2 2 2
my = mi + Amyy = my + Amgsop mi = m3 — Am3; = m3 + Amjyy
2_ 2 2 _ .2 2 2_ 2 2 2 2
m3 = mi + Am3; = my + Amjyy my = mi + Amyy > m3 + Ay

Quasi-Degenerate for my ~ my ~ m3 ~ m, > \/Amipy =5 x 1072eV
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» Tritium Beta-Decay mfg = Z |Uek|*m,
K

mg < 2.2eV (95% C.L.) Mainz & Troitsk  hep-ex/o210050)

KATRIN sensitivity: mg =~ 0.2V [hep-ex/0109033, hep-ex/0309007]
» Neutrinoless Double-Beta Decay mgg = Z UZmi
k
|mgg| < 0.3—-0.7eV (90% C.L.) CUORICINO  parxiv:1012.3266]
» Cosmology

3
Z my § 0.2 —-0.6eV (95% C.L.) [hep-ph/0805.2517, arXiv:1006.3795]
k=1
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Anomalies Beyond 3-v Mixing
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Beam Excess

LSND

[LSND, PRL 75 (1995) 2650; PRC 54 (1996) 2685; PRL 77 (1996) 3082; PRD 64 (2001) 112007]

Uy — Ve L~30m

1751

15F

1251
10

® Beam Excess
B p(,~9ye)n
p(v..e)n

other

0.8 1 1.2 1.4
L/E, (meters/MeV)

AmESND z 0.2 eV2

20MeV < E < 200 MeV

10

2
10

90% (L, L <2.3)
99% (L, -L < 4.6)

Karmen CCFR]
Bugey ]

NOMAT

107

10 10 ,. 1
sin” 26

(> Amary > Amdo, )
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MiniBooNE Antineutrinos

[PRL 103 (2009) 111801; PRL 105 (2010) 181801]

Uy — Ve L~541m 475MeV < E < 3GeV

10° ™ T
3 : —— 68%CL
2os D3, &7, fom B
] Fit Region 3. &v, fromk ** —— 90% CL
g —— 99% CL
YoalRd, vty —eew A e (0 KARMEN2 90% CL
10 BUGEY 90% CL ]
0.2
—~
o
<
Zos 2 1
3 =
< £
o haal 3e ol I =i

5in?26=0.004, Am’=1.0eV*
§in*26=0.03, Am*=0.3eV*

[N
Q
A

L
0.0 I T

. LSND 90% CL

-OJD.Z 0.4 0.6 0.8 1.0 12 14 15 3.

|:| LSND 99% CL
ES® (Gev)

10—2 L L L
[MiniBooNE, PRL 105 (2010) 181801, arXiv:1007.1150] 10° 10? 10*

sin?(26)
Agreement with LSND 7, — v, signal!

Similar L/E but different L and E = Oscillations!
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1.0

0.9

0.8

0.7

Reactor Antineutrino Anomaly

[Mention et al, PRD 83 (2011) 073006, arXiv:1101.2755]

Old Reactor v, Fluxes

IREEEY)

Reactor Rates, — Average Rate

Bugey3-15 —8— Gosgen-45
Bugey3-40 —— Gosgen-65
Bugey3-95 —<— ILL

Bugeyd ~ —o— Krasno-33
ROVNO  —&- Krasno-92
Gosgen-38—&— Krasno-57

R = 0.992 + 0.024

L [m]

100

New Reactor v, Fluxes

[Mueller et al, PRC 83 (2011) 054615, arXiv:1101.2663]

12

11

1.0

0.9

0.8

0.7

IREEIX:

Reactor Rates
Bugey3-15 —&—
Bugey3-40 ——
Bugey3-95 —4—

Bugey4
ROVNO

—a—
=

Gosgen—-38 —&—

Gosgen-45
Gosgen-65
ILL
Krasno-33
Krasno-92
Krasno-57

— Average Rate

L [m]

R = 0.946 + 0.024
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Gallium Anomaly

Gallium Radioactive Source Experiments

Tests of the solar neutrino detectors GALLEX (Crl1, Cr2) and SAGE (Cr, Ar)

Ve Sources: e” +51Cr =%V 4, e~ +3Ar - 3Cl+ v,
Detection Process: Ve+ 1Ga— "Ge+ e~
g 1.12 GALLEX cuSAGEcr <L>GALLEX om
 J5 S . - ‘ (Lysace = 0.6m
= R = 0.7670:08
7 GALLEXCr2 sAGE Ar [Giunti, Laveder, PRC 83 (2011) 065504, arXiv:1006.3244]

[SAGE, PRC 73 (2006) 045805, nucl-ex/0512041]
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Beyond Three-Neutrino Mixing

B B B Vs, Vs,

Vr
Yu
Ve

1% 9 V3 Uy Vs

m? m3 m3 m3 m? log m?

Amgar,  Amiypy Amgg,
3v-mixing
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Sterile Neutrinos

Light anti-vg are called sterile neutrinos

VE—Vst (left-handed)
Sterile means no standard model interactions
Active neutrinos (ve,V,, ;) can oscillate into sterile neutrinos (vs)

Observables:

» Disappearance of active neutrinos (neutral current deficit)

> Indirect evidence through combined fit of data (current indication)

Powerful window on new physics beyond the Standard Model

Unfortunately such light sterile neutrinos are Hot Dark Matter
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Cosmology

» Ns = number of thermalized sterile neutrinos (not necessarily integer)

» CMB and LSS in ACDM: N, =13+09 m,<0.66eV (95% C.L)

[Hamann, Hannestad, Raffelt, Tamborra, Wong, PRL 105 (2010) 181301, arXiv:1006.5276]

Ne=1.61+092  m, <0.70eV (95% C.L.)

[Giusarma, Corsi, Archidiacono, de Putter, Melchiorri, Mena, Pandolfi, PRD 83 (2011) 115023, arXiv:1102.4774]

Ns — 1121_8?2 (95% CL) [Archidiacono, Calabrese, Melchiorri, PRD 84 (2011) 123008, arXiv:1109.2767]

Ns = 0.22 +0.59 [Cyburt, Fields, Olive, Skillman, AP 23 (2005) 313, astro-ph/0408033]
» BBN: (N, = 0.641_8:1352 [lzotov, Thuan, ApJL 710 (2010) L67, arXiv:1001.4440]
Ns <1 at 95% C.L.  [Mangano, Serpico, PLB 701 (2011) 296, arXiv:1103.1261]

» CMB-+LSS+BBN: Ns = 0.851932 (95% C.L.)

[Hamann, Hannestad, Raffelt, Wong, JCAP 1109 (2011) 034, arXiv:1108.4136]
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Effective SBL Oscillation Probabilities in 34+1 Schemes

. o ([ AmiL .
Pua—w,s = sin® 2¥ap sin’ <Tgl> sin? 20qp = 4|Ua4|2|Uﬁ4|2

No CP Violation!

Ami, L
Py sy = 1 — 5in? 28 g sin? (%) sin? 2aa = 4 Una|? (1= |Uoal?)

Perturbation of 3v Mixing

Uea> <1, |Upal® <1, [Una®* €1, |Usa]® ~ 1

Ua Ue .
sin? 2044 < 1
g | Un Un '
Ui Ur
in2 29
Ua Us 2 sin aa
|Ups|” > ———

4
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Disappearance Constraints

Ve Disappearance v, and 7, Disappearance
10% T 10% T
99% C.L. 99% C.L.
—— Bugey3 —— CDHSW (1984): v,
—— Bugey4+Rovno — ATM:v, +V,
—— Gosgen+ILL —— MINOS (2011): v,
—— Krasnoyarsk
10 b — ve-tc 10 b E
— Gallium
E i /
Ll 1E E
NEQ» NE;‘ \
3 3
1071 | 1071 | -
1072 . o . e 1072 L
107 107 1 107 107 1
5in%29,, sin29,,
» New Reactor v, Fluxes
- H 2
[Mueller et al., arXiv:1101.2663] > ATM constraint on |U,4]

[Mention et al., arXiv:1101.2755] [Maltoni, Schwetz, arXiv:0705.0107]

» KARMEN+LSND ve +'*C — Ngs + e~ » MINOS constraint on |Us|?
[Conrad, Shaevitz, arXiv:1106.5552]
[Giunti, Laveder, arXiv:1111.1069]
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v

v

v

3+1

Ve disappearance experiments:

sin? 20ce = 4|Ueq|? (1 - |Ue4|2) ~ 4] Ues?

v, disappearance experiments:

sin? 209, = 4U,q|? (1 - |U#4|2) ~ 84U,

v, — Ve experiments:

1
sin? 20¢,, = 4|Uea|?| Upa|?® ~ a sin? 20 ¢e sin® 209,

Upper bounds on sin® 20 and sin® 299, = strong limit on sin® 20ey
[Okada, Yasuda, Int. J. Mod. Phys. A12 (1997) 3669-3694, arXiv:hep-ph/9606411]

[Bilenky, Giunti, Grimus, Eur. Phys. J. C1 (1998) 247, arXiv:hep-ph/9607372]
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vV vV Y

10°

99.73% C.L. (30) !
—— V, Disappearance |
—— v, Disappearance 1
—— Disappearance 7
——  Appearance J
10 4
i <D ] 3+1
“g ]
= i GoF = 50%
NEQ E
< ]
PGoF = 0.3%
10
[Giunti, Laveder, arXiv:1111.1069]
10—2 Cnnl ol Co el Lo
107 107 107 107 1
sin’29e,
3+1: Appearance-Disappearance tension
3+2 same tenSion [Kopp, Maltoni, Schwetz, arXiv:1103.4570], [Giunti, Laveder, arXiv:1107.1452]

Tension reduced in 3+1+NSI [Akhmedov, Schwetz, JHEP 10 (2010) 115, arXiv:1007.4171]

H H [Barger, Marfatia, Whisnant, PLB 576 (2003) 303]
No tension in 3+1+CPTV [Giunti, Laveder, PRD 82 (2010) 093016, PRD 83 (2011) 053006]

C. Giunti — Neutrino Masses — 14 March 2011 — 27/28




Conclusions

Ve = Vy,Vr with Amo ~7.6 x 107°eV? [SOL, KamLAND]
v, — Ve with Amapy ~2.4 x 1073eV?  [ATM, K2K, MINOS]
sin? %12 ~ 0.3 sin® 3 ~ 0.5 sin? 913 ~ 0.02 [Daya Bay]

B & BBo, Decay and Cosmology = m, < leV

~

To Do
Theory: Why lepton mixing # quark mixing?

(Due to Majorana nature of v's?)
Why 0 < sin 913 < sin® Y12 < sin®¥a3 ~ 0.57
Exp.&Pheno.: Measure CP violation, matter effects, mass hierarchy.
Find absolute mass scale.
Understand anomalies and find if sterile neutrinos exist.
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